Traditional infrastructure asset management is about maintaining the status quo of service levels in a resource-restricted, sometimes risk-increasing environment. Infrastructure asset management (IAM) is effective in addressing resource-deprived situations and in maximizing the benefits of the utility in these contexts. This makes IAM a very appropriate and useful approach for developing countries. Hence, this paper focuses on developing a fit-for-purpose integrated asset management (IAM) framework that is suitable for situations where there are risks to assets, significant uncertainties, and resource deficits, and where improvements to the current service levels are needed. To be comprehensive in the application in these contexts, there is a need to supplement IAM with a new perspective-critical necessities, next to the risks to the status quo (current levels of service). This gap was evident during application of IAM principles to the drinking water system of Al-Mafraq, Jordan. It was overcome by framing questions on adaptation deficits and future needs that are to be answered together with risk matrix-based prioritization of asset management actions. The fit-for-purpose IAM framework comprising asset management, adaptation deficit, and future needs can ensure the continuity of service levels in emerging cities when supported through expert inputs and stakeholder consultations.
Introduction
Asset management (AM) can be seen as a necessity that arose from the relative inability of traditional engineering to deal with resource-constrained situations. Infrastructure engineering (e.g., water supply, oil and gas, transportation, etc.) concepts and practices that were developed during times of plenty do not work well during times of resource deprivation [1] [2] [3] [4] [5] . The operation and maintenance practices were routine and affordable during the expansion of the oil and gas industry in the 1970s. However, these were not financially viable after the oil price crash that followed, and they were silently ignored or only selectively implemented, leading to disasters, such as the Piper Alpha oil platform explosion in the United Kingdom (UK) [6] . The findings from the landmark report on infrastructure in the United States of America (USA) [7] , and the poor status of water infrastructure in Australia and New Zealand in the early 1990s, as well as the recent reports [8, 9] , reiterate the situation holds true. But the developed country contexts are challenged not only by the effort of maintaining the current SL but by an often acute need to upgrade the current service levels. Hence, the implicit assumption that IAM's most important goal is to minimize the risks to the current service levels has to be challenged.
A contextual fit-for-purpose infrastructure asset management framework is necessary to address the multiple challenges of (a) minimizing the risk of current service levels from deterioration due to internal causes like ageing systems, as well as external causes such as limited water resources, climate change impacts, and rapid population growth [29] ; (b) addressing the critical shortfalls in the current service levels by system improvement [1, 23] ; and (c) prioritizing investments and measures of operation and maintenance [24] . Hence, this paper focuses on developing a fit-for-purpose IAM framework that is suitable for situations where there are risks to assets, significant uncertainties, and resource deficits, and where improvements to the current SL are needed. The focus area of the IAM application is Al-Mafraq, a host community for refugees from Syria, served by Yarmouk Company, which is in charge of water supply and wastewater management. Al Mafraq City is hosting one of the biggest refugee camps in the region, in addition to refugees living in hosting communities, which led to the doubling of the population in this resource-deprived arid governorate [30, 31] . The performance of municipal services in Al-Mafraq is challenged by rapid urbanization, dwindling water resources, and a rapid surge and variability of refugee influx from Syria [30, 32] .
Asset Management and Risk-Based Decision-Making in Water Utilities
The inspiration to challenge the implicit assumption of IAM is from our experience of introducing infrastructure asset management methodology [16] to Yarmouk Company, a water utility serving four governorates in northern Jordan. The objective of tactical level asset management at water utilities is to identify an optimized set of interventions to maintain service levels in the long term. In order to do this, water utilities make use of the "five core management questions" of USEPA [17] , which also forms the basis for the Common Framework for Capital Maintenance Planning (CFCMP) in the UK [33] . For example, Waternet applies the asset management process at three levels-system functioning, network functioning, and object functioning-to find suitable answers to five questions [21] :
1.
What are the required long-term service levels? Additionally, in which environment must this service level be delivered? 2.
What is the current state of the assets? What will be the future performance of the infrastructure system? 3.
Which assets are critical for achieving the long-term service levels? 4.
What are the best minimum lifecycle cost continuous improvement programs and operation and maintenance strategies? 5.
What is the best long-term funding strategy?
Close examination of these questions shows that they cover important concerns of AM (questions 2, 3 and 4) and SP (questions 1 and 5). Waternet's set of questions misses the most basic (but essential and important) question of "What do we have?", which leads to the asset inventory. Waternet's framework implicitly assumes this. However, a review of various sets of IAM questions [10, [17] [18] [19] 21] , despite their apparent differences, unfurls a framework to achieve two common objectives:
(a) Risk-based decision-making: the ability to systematically prioritize O&M, renewal, and replacement activities considering the financial and other constraints in order to minimize risks to ensure expected SL (IAM objective); (b) Preparation for future changes (both foreseen and unforeseen) including demand and supply changes, and financing (SP objective).
All activities associated with IAM, such as asset inventorying, condition assessment, and failure consequence analysis, can be seen as contributors to the central goal of risk-based decision-making.
Risk-Based Decision-Making
The central component of most IAM frameworks and tools is the risk matrix that provides a "dashboard" for IAM decision-making. Risk matrices are widely promoted in risk management standards and reference books and are used in a number of different disciplines like disaster risk management, production management, defence applications, logistics, etc. [34] . A risk matrix formulated to assess water-quality-related risk [35] is shown in Figure 1 . The green-coloured cell indicates low-risk and no further action is required, whereas the red cells indicate high-risk and actions have to be taken to reduce those. Risk matrices are both lauded and criticized for their appropriateness in decision-making [36, 37] . According to Talbot [37] , some of the advantages in using risk matrices are (i) robustness in decision-making; (ii) consistency in prioritizing risks; (iii) keeping the focus on high-priority risks; and (iv) presenting complex risk data in a concise visual fashion. However, risk matrices are blamed for poor resolution, errors in mistakenly assigning high qualitative ratings to smaller risks, suboptimal resource allocation, and ambiguity [36] . The central component of most IAM frameworks and tools is the risk matrix that provides a "dashboard" for IAM decision-making. Risk matrices are widely promoted in risk management standards and reference books and are used in a number of different disciplines like disaster risk management, production management, defence applications, logistics, etc. [34] . A risk matrix formulated to assess water-quality-related risk [35] is shown in Figure 1 . The green-coloured cell indicates low-risk and no further action is required, whereas the red cells indicate high-risk and actions have to be taken to reduce those. Risk matrices are both lauded and criticized for their appropriateness in decision-making [36, 37] . According to Talbot [37] , some of the advantages in using risk matrices are (i) robustness in decision-making; (ii) consistency in prioritizing risks; (iii) keeping the focus on high-priority risks; and (iv) presenting complex risk data in a concise visual fashion. However, risk matrices are blamed for poor resolution, errors in mistakenly assigning high qualitative ratings to smaller risks, suboptimal resource allocation, and ambiguity [36] . A risk matrix for water quality risk [35] . Each event can be plotted as a point in this matrix. Alternatively, each point can represent an asset (then even = failure of that asset).
Understanding that risk can be defined as the product of probability and consequence of failure, this figure shows risk as increasing diagonally with increasing consequence and probability. A given high-probability low-consequence event (B in Figure 2 ) and a low-probability high-consequence event (A in Figure 2) can result in the same risk score (depicted by colours in Figure 1 , but can be represented as a number too). However, in the IAM context, while it is true that the risk scores of A and B are the same, the actions that have to be taken to address them are completely different. This is illustrated in Figure 2 . While the appropriate action to manage the risk of type B is close monitoring, that for A is to follow a cost/benefit-based decision-making process, whose results may lead to a decision whether to operate to failure or renew/replace. A risk matrix for water quality risk [35] . Each event can be plotted as a point in this matrix. Alternatively, each point can represent an asset (then even = failure of that asset).
Understanding that risk can be defined as the product of probability and consequence of failure, this figure shows risk as increasing diagonally with increasing consequence and probability. A given high-probability low-consequence event (B in Figure 2 ) and a low-probability high-consequence event (A in Figure 2 ) can result in the same risk score (depicted by colours in Figure 1 , but can be represented as a number too). However, in the IAM context, while it is true that the risk scores of A and B are the same, the actions that have to be taken to address them are completely different. This is illustrated in Figure 2 . While the appropriate action to manage the risk of type B is close monitoring, that for A is to follow a cost/benefit-based decision-making process, whose results may lead to a decision whether to operate to failure or renew/replace.
As stated above, it is the risk matrix that occupies the central place in an asset management system or a tool (e.g., asset management at Waternet Amsterdam, and the check-up program for small systems (CUPSS) asset management tool for small utilities by USEPA [38] ). Asset management strategies differ for different combinations of failure frequencies and consequences of failure [39] . At the onset, the intention was to use the risk matrix approach to the drinking water supply system in Al-Mafraq to help prioritize investment actions. However, later in this paper, it is explained that the risk-based approach is only one, albeit an important, aspect of the process of prioritizing investment actions. A risk matrix for infrastructure asset management (IAM). Typically, in IAM, risk matrices are populated with assets representing points (as opposed to events). While assets A and B may represent the same risk value, the actions that are warranted are markedly different. Asset A's risk is mostly contributed by high failure probability, not a consequence. In these cases, it is useful/appropriate to do cost-benefit analysis-type decision-making, i.e., to decide whether to replace now, later or after failure, based on the cost-benefit ratio and its evolution over time. In the case of asset B, the risk is largely due to higher failure consequences. Hence, asset B can benefit from a good monitoring scheme.
As stated above, it is the risk matrix that occupies the central place in an asset management system or a tool (e.g., asset management at Waternet Amsterdam, and the check-up program for small systems (CUPSS) asset management tool for small utilities by USEPA [38] ). Asset management strategies differ for different combinations of failure frequencies and consequences of failure [39] . At the onset, the intention was to use the risk matrix approach to the drinking water supply system in Al-Mafraq to help prioritize investment actions. However, later in this paper, it is explained that the risk-based approach is only one, albeit an important, aspect of the process of prioritizing investment actions.
Introducing IAM at Al-Mafraq/Jordan
In May 2017, a three-day asset management training was organized in Amman for about 20 participants from the Jordanian Ministry of Water and Irrigation, Project Management Unit of the Ministry, United Nations High Commission for Refugees (UNHCR), United Nations International Children's Emergency Fund (UNICEF), and the three water utilities: Yarmouk, Miyahuna, and Aqaba. The theoretical backgrounds, challenges, experiences and best practices of asset management in the water sector, based on the five asset management questions that Waternet uses were shared with the participants. This was followed by a five-day in-depth technical asset management training in November 2017 at IHE-Delft, the Netherlands, for seven Jordanian "asset management ambassadors" from the three water utilities, the Ministry of Water and Irrigation, and UNICEF. A four-day workshop with the objective of developing a fit-for-purpose IAM plan for the Al-Mafraq Figure 2 . A risk matrix for infrastructure asset management (IAM). Typically, in IAM, risk matrices are populated with assets representing points (as opposed to events). While assets A and B may represent the same risk value, the actions that are warranted are markedly different. Asset A's risk is mostly contributed by high failure probability, not a consequence. In these cases, it is useful/appropriate to do cost-benefit analysis-type decision-making, i.e., to decide whether to replace now, later or after failure, based on the cost-benefit ratio and its evolution over time. In the case of asset B, the risk is largely due to higher failure consequences. Hence, asset B can benefit from a good monitoring scheme.
In May 2017, a three-day asset management training was organized in Amman for about 20 participants from the Jordanian Ministry of Water and Irrigation, Project Management Unit of the Ministry, United Nations High Commission for Refugees (UNHCR), United Nations International Children's Emergency Fund (UNICEF), and the three water utilities: Yarmouk, Miyahuna, and Aqaba. The theoretical backgrounds, challenges, experiences and best practices of asset management in the water sector, based on the five asset management questions that Waternet uses were shared with the participants. This was followed by a five-day in-depth technical asset management training in November 2017 at IHE-Delft, the Netherlands, for seven Jordanian "asset management ambassadors" from the three water utilities, the Ministry of Water and Irrigation, and UNICEF. A four-day workshop with the objective of developing a fit-for-purpose IAM plan for the Al-Mafraq water supply system, as a pilot case, was organized at Al-Mafraq in January 2018. There were about 20 participants from the Ministry, UNICEF, and the three water utilities previously identified as AM ambassadors. The asset management ambassadors played a crucial role as co-facilitators, for which they had been prepared by the earlier trainings. Half of the participants in this training were from Yarmouk water utility ranging from the level of the director to field engineers.
Understanding the Jordanian Context
Jordan's renewable water resources are limited and insufficient to meet the national demand [40] . Jordan's annual renewable resources are less than 100 m 3 /capita for all purposes including irrigation, industrial and municipal, which is far below the global threshold of 500 m 3 /capita indicating "severe water scarcity". Jordan's national water resources and water balance are negatively impacted due to higher demand, over-abstraction, and climate change [41] . The water sector in Jordan is characterized by severe water scarcity, increasing demand due to the severe influx of refugees, and economic development needs. Jordan is hosting about 1.3 million Syrians, of which 655,833 are registered as refugees with UNHCR in the northern governorates. The refugee influx resulted in the plummeting of the per capita share of water by 27% [42] . The northern governorates suffer from several issues such as increasing water demand, limited water resources, a small amount of water supply per capita, and high non-revenue water (NRW). This is apparent from the water vulnerability maps developed jointly by UNICEF and the Water Authority of Jordan (WAJ). The vulnerability indicators took into consideration factors such as population, number of refugees per governorate, number of water subscribers, planned water supply, average water consumption, available ground and surface water resources, etc.
Despite Jordan's severe water scarcity, more than 94% of Jordanians have access to safe drinking water and 93% have access to improved sanitation. These are some of the highest rates in the Middle East and Northern Africa (MENA) region. However, water supply is intermittent, over periods ranging from once per week to sometimes once per month in some economically backward and remote areas. Rooftop storage tanks are part of the water supply system to cater to water needs over the periods of non-supply. The water supply and wastewater treatment in Jordan are managed by the three Jordan water utilities, Yarmouk, Miyahuna, and Aqaba, each serving the respective territorial and neighbouring governorates, while the Water Authority of Jordan (WAJ) functions as an operator in some areas. The city of Mafraq which is located in Mafraq, a northern Governorate, is affected by a lack of water supply, service intermittency, and a massive increase in population due to hosting the largest refugee camp in Jordan-Zaatari Refugee Camp. The Yarmouk water company is responsible for managing both water supply and sewerage systems in Al-Mafraq. The gathering of information related to water and sewerage systems in Al-Mafraq pertaining to the five asset management questions was carried out by World Waternet (a division of Waternet responsible for international collaborations and capacity development), jointly with WAJ, UNICEF, and Jordanian water utility employees [16] .
Water Assets of Al-Mafraq
The key in asset management is "knowing the assets you have"; hence, discussion among the January 2018 participants led to the drawing of a schematic of the current water supply system in Al-Mafraq (Figure 3 ), an essential first step. Furthermore, this also proved to be a useful exercise for sharing knowledge and improving mutual understanding of the water systems among different employees. The experienced employees of the water utility operator had a very good understanding of the part of the water supply system they were operating. However, discussions revealed that there is a lack of consensus on the actual functioning of the system as a whole, even at the level of highest abstraction. This is not unusual as, in many utilities, inadvertent compartmentalization of information and tacit knowledge is a regular phenomenon [43, 44] . Nearly a full-day spread over the first two days was spent on arriving at accurate high-level schematics for the (a) water supply scheme and (b) distribution/rationing scheme. The process of developing a hydraulic model for the system was started but was dropped as (i) it was not a high priority in this context; (ii) there was a lack of consensus about the reality even at the abstract level; and (iii) water was rationed due to a severe lack of water, leading to constant flux in system operation. It is useful to have a good hydraulic model for a better understanding of system operation, but not critical at the very beginning of the process of implementing an IAM strategy.
consensus about the reality even at the abstract level; and (iii) water was rationed due to a severe lack of water, leading to constant flux in system operation. It is useful to have a good hydraulic model for a better understanding of system operation, but not critical at the very beginning of the process of implementing an IAM strategy. Al-Mafraq entirely depends upon groundwater for its domestic and industrial water needs. Water is sourced from tube wells owned by Yarmouk water utility near Smayyah pumping station, Za'tary pumping station, and from private wells. Water from all these wells is collected at Smayyah pumping station and conveyed to Al-Mafraq through a 400-mm diameter transmission line. AlMafraq does not have an elevated service reservoir, and the distribution network is directly coupled with this transmission main. Hayyan booster pumping station within Al-Mafraq pumps water to the elevated areas. Al-Mafraq is divided into water rationing zones, a practice prevalent in Jordan as water is scarce. Each zone is supplied with a limited amount of water during a designated period of the week and is managed based on the knowledge of the operators. Due to the absence of detailed data and for the sake of simplicity, these rationing zones (which are practically district metering zones as they can be independently closed/opened) represented the distribution network within the city for our risk analysis instead of, for example, individual pipes. The schematic drawing ( Figure 3 ) and understanding the daily water rationing practice helped in identifying and discussing the operational problems, as well as the critical assets. Field visits and consultations with the field staff enabled a comprehensive understanding of the water supply system and its operation. Also, it created an awareness of the importance of having an asset register with basic data including age, condition, and failure rates.
Risk Mapping of Assets in Al-Mafraq
The preparation of the schematic diagram, and the joint field visits and discussion about the assets led to the consolidation of information needed to answer the following: asset management questions such as (a) Which assets do we have and how are these assets performing?; (b) Which assets fail often, and why?; (c) Which assets are the most important?; This information was used to perform the risk analysis based on the probability of failure and consequence of failure resulting in the risk matrix for the Al-Mafraq water supply system (Figure 4) . From Figure 4 , it can be seen that the probability of failure and consequence of the failure of assets in Al-Mafraq's water supply system varies. The most critical assets-transmission main and Hayan booster-can be found at the top right Al-Mafraq entirely depends upon groundwater for its domestic and industrial water needs. Water is sourced from tube wells owned by Yarmouk water utility near Smayyah pumping station, Za'tary pumping station, and from private wells. Water from all these wells is collected at Smayyah pumping station and conveyed to Al-Mafraq through a 400-mm diameter transmission line. Al-Mafraq does not have an elevated service reservoir, and the distribution network is directly coupled with this transmission main. Hayyan booster pumping station within Al-Mafraq pumps water to the elevated areas. Al-Mafraq is divided into water rationing zones, a practice prevalent in Jordan as water is scarce. Each zone is supplied with a limited amount of water during a designated period of the week and is managed based on the knowledge of the operators. Due to the absence of detailed data and for the sake of simplicity, these rationing zones (which are practically district metering zones as they can be independently closed/opened) represented the distribution network within the city for our risk analysis instead of, for example, individual pipes. The schematic drawing ( Figure 3 ) and understanding the daily water rationing practice helped in identifying and discussing the operational problems, as well as the critical assets. Field visits and consultations with the field staff enabled a comprehensive understanding of the water supply system and its operation. Also, it created an awareness of the importance of having an asset register with basic data including age, condition, and failure rates.
The preparation of the schematic diagram, and the joint field visits and discussion about the assets led to the consolidation of information needed to answer the following: asset management questions such as (a) Which assets do we have and how are these assets performing?; (b) Which assets fail often, and why?; (c) Which assets are the most important?; This information was used to perform the risk analysis based on the probability of failure and consequence of failure resulting in the risk matrix for the Al-Mafraq water supply system (Figure 4) . From Figure 4 , it can be seen that the probability of failure and consequence of the failure of assets in Al-Mafraq's water supply system varies. The most critical assets-transmission main and Hayan booster-can be found at the top right corner of the matrix, which has the highest consequence of failure and the highest probability of failure. During the discussion to prioritize the assets based on the risk matrix, it was found out that there are other major concerns and constraints that have an influence on decision-making. Yarmouk water utility faces major constraints such as lack of funds, lack of water resources, lack of structured inventory of assets and stock registry, and lack of skilled staff and spare parts. These constraints are in addition to the increase in water demand to satisfy the needs of refugees and the inability to collect money for water supplied. Hence, the decisions regarding asset management in Ai-Mafraq have to consider the risk to the assets, as well as the current deficits and constraints in the systems that have to be prioritized to be addressed. This necessitates the broadening of the scope of IAM beyond the maintenance of the status quo.
Risk and Constraint-Based Prioritization
On the last day of the workshop, discussions were held to collate the actions to be taken to reduce the risks to the assets. The risk matrix and the deficits faced by the water system were discussed in detail, and a list of actions was prepared to reduce the risk under the constraining circumstances (Table 1) . Also, the time taken to implement these actions and cost of these actions were worked out. The set of actions was prioritized based on the risk and deficits. Table 1 contains the prioritized actions ordered with priority decreasing from the top to the bottom. It is clear that there are actions which are not directly related to the risk of assets presented in the risk matrix (Figure 4) , such as renewal of networks in villages around Smayyah pumping station and constructing an elevated storage reservoir. During the discussion to prioritize the assets based on the risk matrix, it was found out that there are other major concerns and constraints that have an influence on decision-making. Yarmouk water utility faces major constraints such as lack of funds, lack of water resources, lack of structured inventory of assets and stock registry, and lack of skilled staff and spare parts. These constraints are in addition to the increase in water demand to satisfy the needs of refugees and the inability to collect money for water supplied. Hence, the decisions regarding asset management in Ai-Mafraq have to consider the risk to the assets, as well as the current deficits and constraints in the systems that have to be prioritized to be addressed. This necessitates the broadening of the scope of IAM beyond the maintenance of the status quo.
On the last day of the workshop, discussions were held to collate the actions to be taken to reduce the risks to the assets. The risk matrix and the deficits faced by the water system were discussed in detail, and a list of actions was prepared to reduce the risk under the constraining circumstances (Table 1) . Also, the time taken to implement these actions and cost of these actions were worked out. The set of actions was prioritized based on the risk and deficits. Table 1 contains the prioritized actions ordered with priority decreasing from the top to the bottom. It is clear that there are actions which are not directly related to the risk of assets presented in the risk matrix (Figure 4) , such as renewal of networks in villages around Smayyah pumping station and constructing an elevated storage reservoir. Table 1 . Prioritized actions to reduce the risk of assets, as well as improve the current situation in Al-Mafra. Note that some of the actions do not arise from the risk matrix, but from another driver, i.e., current deficits in the system. JOD-Jordanian dinar; O&M-operation and management. 
Evolution of Al-Mafraq-Specific IAM Framework
At the end of the workshop, the trainers and the organizers of the workshop reviewed the sequence of actions which led to the risk matrix and prioritization of actions in Al-Mafraq. The IAM framework which evolved during the training workshop in Al-Mafraq is presented in Figure 5 . The actions and the process during the workshop were compared with the IAM practices in Waternet (very similar to those explained in IAM literature), and a significant departure was noticed. 
Findings and Observations from Al-Mafraq IAM Training
The initial assignment was to come up with a risk matrix based on risk assessment for decisionmaking to facilitate asset management in Al-Mafraq and to identify the top-priority projects. The interactive workshop sessions not only imparted knowledge about asset management and risk assessment but also led to an increased understanding of the system functionality, i.e., understanding the system performance, understanding the capability and sustainability of the system. The asset management ambassadors who were already exposed to theoretical and practical aspects of IAM were instrumental in developing the IAM framework for Al-Mafraq. They also emphasized the need for and the usefulness of an improved system of inventory of available assets in a structured manner, which can be frequently updated.
To prioritize or not to? Integrating the priorities
In most cases, it is imperative to prioritize the actions, as the focus is to effectively utilize the limited resources and to be efficient. In order to simplify the selection process, the prioritized actions (Table 1) could be evaluated against three criteria: "doability" (effort needed to implement), swiftness (time taken to implement), and effectiveness (how effective it achieves the system objectives). A diagram similar to Figure 6 can help illustrate this in a manner conducive for prioritization. 
Findings and Observations from Al-Mafraq IAM Training
The initial assignment was to come up with a risk matrix based on risk assessment for decision-making to facilitate asset management in Al-Mafraq and to identify the top-priority projects. The interactive workshop sessions not only imparted knowledge about asset management and risk assessment but also led to an increased understanding of the system functionality, i.e., understanding the system performance, understanding the capability and sustainability of the system. The asset management ambassadors who were already exposed to theoretical and practical aspects of IAM were instrumental in developing the IAM framework for Al-Mafraq. They also emphasized the need for and the usefulness of an improved system of inventory of available assets in a structured manner, which can be frequently updated.
To Prioritize or Not to? Integrating the Priorities
In most cases, it is imperative to prioritize the actions, as the focus is to effectively utilize the limited resources and to be efficient. In order to simplify the selection process, the prioritized actions (Table 1) could be evaluated against three criteria: "doability" (effort needed to implement), swiftness (time taken to implement), and effectiveness (how effective it achieves the system objectives). A diagram similar to Figure 6 can help illustrate this in a manner conducive for prioritization. Figure 6 . A multi-criteria approach to prioritize shortlisted interventions. Doability: effort needed to implement (in the present case, cost was used-higher cost = lower doability); effectiveness: how effective it achieves the system objectives; swiftness: time taken to implement (how fast it is implemented).
Aliging stakeholder interests
Al-Mafraq also faces a unique challenge. The financing of projects in Al-Mafraq is done by a myriad of sources that include national and international sources. There are a number of donors who pitch in with investments particularly owing to the refugee situation. While the Jordanian government (Ministry of Water and Irrigation) makes attempts to streamline and systematize these sources, it still remains complex and highly uncertain process. For example, Ministry of Water and Irrigation organize a bi-monthly donor meeting where project priorities and investment possibilities are discussed and coordinated among donors. As far as the point of view of the utility is concerned, there is no certainty as to which type of interventions will be funded and at what point in time. In this context, it makes sense to have the final shortlisted interventions (Table 1) as a sort of a "needs list" without any special priority among them. When donor opportunities arise, it is possible for the utility to suggest that the donor chooses from this needs list. By having a shortlisted set of interventions, the utility makes sure that the donors choose from a list that the utility created by following a logical methodology, rather than leaving it to be, at best, a last-minute idea or, at worst, one that the donor comes up with. Different donors come with different levels of funding and other requirements which also impact the choice. In this context of high uncertainty of funding, it is not very productive to have a strictly prioritized project sequence. Leaving some freedom to choose is a better option given the ground realities of financing. Hence, the goal of prioritization in contexts like Al-Mafraq should be to identify a preferred set of actions solidly based on local context.
Further building of an asset register, development of a hydraulic model for Al-Mafraq, and the installation of flow and pressure meters funded by UNICEF and Yarmouk can enhance the system understanding. This can lead to a validated hydraulic model, the establishment of water balance, and the quantification of actual non-revenue water. This enhanced system understanding will guide the water utility to revisit the introduced IAM process ( Figure 5 ) routinely and revise and refine the priority list (Table 1) . For example, better data and a hydraulic model can provide more objective . A multi-criteria approach to prioritize shortlisted interventions. Doability: effort needed to implement (in the present case, cost was used-higher cost = lower doability); effectiveness: how effective it achieves the system objectives; swiftness: time taken to implement (how fast it is implemented).
Aliging Stakeholder Interests
Further building of an asset register, development of a hydraulic model for Al-Mafraq, and the installation of flow and pressure meters funded by UNICEF and Yarmouk can enhance the system understanding. This can lead to a validated hydraulic model, the establishment of water balance, and the quantification of actual non-revenue water. This enhanced system understanding will guide the water utility to revisit the introduced IAM process ( Figure 5 ) routinely and revise and refine the priority list (Table 1) . For example, better data and a hydraulic model can provide more objective information for identifying priority actions, which is currently done with a guided discussion using just the subjective knowledge of the water utility.
Discussion
The insights obtained from the application of the IAM framework to prioritize O&M and investment actions in the water supply system of Al-Mafraq can be summarized in the form of an enhanced asset management framework suitable for cities like Al-Mafraq. The enhanced asset management framework can be applied in contexts where asset management should address (a) risk to the current SL, (b) significant improvements needed in the current SL and (c) uncertainty of external factors and growth leading to extreme difficulties in the assessment of future needs. Although this framework was developed with the current case study, it provides a way of applying IAM in secondary cities in the global south (SCGS) which are characterized by the aforementioned features.
IAM Questions for Water Utilities Facing High Uncertainties
Every IAM framework ventures forward with a set of questions, as discussed in the introduction. This exercise started with the premise that the current risk-based IAM frameworks need to be expanded to be useful for applications in Al-Mafraq. This was accomplished in two stages. Firstly, a curated list of questions was proposed that covers all the essential aspects of IAM in the traditional sense. Secondly, these questions were supplemented with new questions that are necessary for it to be useful in the context of rapidly changing cities like Al-Mafraq, where there is a need to improve service levels and to cater to the increase in demand in a resource-constrained environment [29] .
In Table 2 , column 2 is the list of proposed IAM questions, inspired by traditional IAM questions posed by asset managers [21] . The questions are split into two categories: questions pertaining to IAM (A1-A4) and those related to SP (S1 and S2). Table 2 , column 3 lists extra questions that need to be asked when the application context is SCGS or similar environments (M1-M4; and P1 and P2). These questions can provide essential information in contexts where (a) there is a significant deficiency in current service levels in relation to established service level benchmarks (M1-M4), and (b) growth and change situations are so dynamic that it is practically impossible to agree on a single likely future (P1 and P2). Table 2 . An expanded framework for infrastructure asset management (IAM) comprising a reformulation of "traditional" asset management questions (Column 2) and additional questions to make IAM fit the purpose of applying to the context of secondary cities in the global south (SCGS) (Column 3). SL-service levels; SP-strategic planning.
Traditional IAM Context
Expanding to SCGS The "traditional" IAM and SP questions were answered by risk-based analyses cycles (asset inventory, condition assessment, failure-consequence analysis, and a risk matrix) and strategic planning exercises, respectively. Since new questions were defined (M1-M4 and P1-P2 series in Table 2 ), it is important to discuss how these questions might be addressed. Answering M1 involves extended discussions (brainstorming) within the different departments of the asset management organization (in the above case study, it was Yarmouk water utility), as well as engaging other stakeholders (e.g., higher levels like provincial and central governments, consumer organizations, and the donor community). The answers should cover (a) existing proposals for improvement that are both funded and yet to be funded, and (b) new ideas that the participants may come up with. At this stage, there is no need to limit AM actions based on any other criteria. The result of such a brainstorming exercise will be a long list of possible and/or necessary interventions. The traditional IAM questions (A1-A4) aim at prioritizing existing asset components for renewal/replacement (A4). This is achieved by following a risk-based approach, with inputs from A2 and A3. However, in the M series that is additionally needed for SCGS, it does not deal with existing assets, but rather, perceived actions. These, for example, can be based on cost-benefit analyses. Comprehensively addressing the issue of prioritizing actions in SCGS (M4) is an area that needs active research.
IAM questions
Based on the experiences in Al-Mafraq the following suggestions with regards to plausible actions addressing current deficits (M2) and the impact due to plausible actions (M3) were made. Regarding M2 (What will be the impact of each intervention in the long list in improving expected SL?), examples of suggestions include improving water rationing, reducing NRW, system downtime, etc. This also includes risk reduction, because the risk in IAM includes an expected (negative) impact on SL. In the case of Al-Mafraq, group discussions and consultations were used as inputs to assess the impact reduction. The stakeholders discussed the impact of each solution on SL and agreed on a rating. In the case of Al-Mafraq, the stakeholders were also asked to list possible positive impacts. M3 is about effort. While the cost of an intervention is an important aspect, there could be others, such as the technical complexity, and the motivation of stakeholders to implement the solution. However, in the case of Al-Mafraq, the discussion was limited to the cost. Also in the context of Al-Mafraq, the interventions are mostly donor-driven. Answers to M2 and M3 provide the basis for shortlisting interventions from the aforesaid long list. During the Al-Mafraq case, this shortlisting was done by asking the stakeholders to select interventions from the long list, paying attention to the answers of M2 and M3. This process follows the contours of a cost-benefit analysis, although it can probably benefit from a more explicit methodology based on better information. Once such a shortlist is available, it is necessary to integrate these interventions with those from the risk analysis (A1-A4).
The Impossibility of Answering SP Questions and Consequences
Eight asset management questions (A1-A4 and M1-M4 in Table 2 ) were identified to apply asset management in SCGS. How about the strategic planning questions? S1 and S2 are "traditional" strategic planning questions that are often attempted to be answered. However, here, the possibility of answering these questions with a degree of certainty is highly questionable in SCGS [45] . Future operating conditions and the state of these asset systems are often so uncertain that it does not make a lot of sense to answer these questions as probable futures. Does this mean that asset managers in SCGS should simply forget the medium-and long-term future? No, they should engage in exercises to explore scenarios or a number of plausible futures. Scenarios are not probable futures, but just set-ups picked up from a huge number of plausible states. Stakeholders should understand that these are used not to "predict" the future in any sense, but to open their minds to the immense range of possible future states, and to stimulate thinking on how to prepare for such states (P2). This encourages them to focus on how to make the system gradually better and to reduce the risk as much as possible, as opposed to keeping a single future vision in mind as the primary driving force. Ideally, they should look at possibilities on how to make the asset systems highly agile, so that they can respond well to a myriad of future situations. For example, there are plans which describe the various possible scenarios for Mafraq and Zaatari camp based on geopolitical stability and economic growth, such as developing the region into a manufacturing hub, agricultural area, or tourism area; or making the Zaatari camp temporary, permanent, or semi-permanent [46] . Strategic planning of Al-Mafraq should be based on these scenarios.
Applicability of (Scope for) Fit-for-Purpose IAM Framework in the Global South
With the insights gained from initiating IAM in the Yarmouk water utility, an enhanced IAM framework was developed that is suitable for utilities and other asset systems with significant deficits in current levels of service, for example, many utilities in SCGS. The case study of Al-Mafraq can be seen as unique due to the acute demands on the system due to the refugee context. The infrastructure lagging behind increasing demands is a creeping issue (gradually changing over time) in many SCGS and, therefore, often escapes the attention. The case of Al-Mafraq justifies the need to expand the IAM framework to suit the contexts where infrastructure service levels are lagging behind, a common feature of SCGS.
There are two types of asset management priorities for SCGS-those dealing with the threats to the current service levels (leading to risk-based analysis) and those striving to improve current service levels (as they are often far from satisfactory). This duality has clear parallels with the discussion on adaptation gaps (a likely reduction in service levels in the future to changes such as climate, social, and economic factors), and adaptation deficits (the current reduced service levels due to poor service provision and increase in demand) in the literature on climate adaptation [29, 45] . The risk-based approach form maintaining the current service levels is similar to addressing adaptation gaps while improving service levels are parallel to addressing adaptation deficits. Risk-based decision-making, therefore, is a part of such a framework, but not the whole. IAM questions have to be augmented to address current deficits in service levels ( Table 2 ). There are issues with the traditional strategic planning questions as well. While strategic planning questions are important, these contexts are beset with extreme levels of uncertainty and out of the control of water utilities, making the creation of static long-term plans, challenging.
There is a perennial debate on the validity, applicability, and utility of "western concepts", those from developed countries in the west, in the context of resource-deprived conditions of some developing countries. For example, there is a debate on optimizing the water distribution network based on reducing the formation of carcinogenic disinfection by-products due to chlorination [47, 48] . Such a reduction in health risk is valid in a European, urban American, or Australian context where the water services are performing at optimal levels [49, 50] . However, the need to reduce the concentration of carcinogenic disinfection by-products is not a priority in developing countries like India or Kenya where polluted sources, insufficient treatment capacity, and intermittent water supply are the biggest challenges to water quality [51] [52] [53] . It can be argued that infrastructure asset management is an exception to this perception. As IAM is a process developed to address systems in crisis and challenges the sustenance of levels of service, it can deal with resource-deprived situations, which is the reality in many SCGS [25, 39, [54] [55] [56] . However, for IAM to be truly useful in SCGS, the scope of IAM should be expanded to improve the service levels by addressing current deficits in addition to maintaining the status quo of service levels.
Recommendations and Conclusions
Traditionally, when initiating an IAM program for an asset system, the usual practice is to make an inventory of the assets and agree upon a schematic of the water supply system before starting the assessment or discussion of actual IAM. In contrast, it is recommended not to wait for consensus on the system structure, performance, etc., among all water utility professionals, not to mention all stakeholders. In utilities where there is no documentation of assets, a considerable amount of time has to be spent mapping these assets and arriving at the consensus; this is not time wasted. This was confirmed by our experience in developing IAM practices for Al-Mafraq. Development of a common understanding of the system proved to be one of the most important investments of time and effort.
Regarding the proposed fit-for-purpose IAM framework, there are areas that need to be actively investigated further in order to come up with better outcomes and processes. For example, there needs to be further study and contemplation on better ways of answering new IAM questions or even improved formulation of those questions by tagging them with sustainable development goals (SDGs) or with bottom-up stakeholder involvement process to increase the inclusivity of the actions. In the case of Al-Mafraq, the existing IAM practice was reorganized by means of adjusting the existing process and adapting the IAM process to Al-Mafraq's context. However, there is scope for action researchers through research and practice to transform IAM in similar contexts using visions, experiments, and inventions to co-create favourable outcomes with stakeholders [57] . This paper focused on developing a fit-for-purpose integrated asset management (IAM) framework that is suitable for situations where there are risks to assets, significant uncertainties, and resource deficits, and where improvements to the current service levels are needed. The contextualized fit-for-purpose IAM framework was developed by adapting an existing IAM framework to prioritize the list of actions based on a risk matrix and system deficits. The process of adapting the existing IAM framework evolved during the interaction of researchers and practitioners of water utilities. Analysis of the evolution of this fit-for-purpose IAM framework revealed that it can be useful for emerging cities, such as the secondary cities in the global south (SCGS), where there is a clear need for managing assets and for improving the existing service levels, in addition to managing the risks to the current service levels. In order to guide the reorganization of the IAM framework, questions were framed to include current deficits and future needs, in addition to the standard asset management questions. The fit-for-purpose IAM framework comprising asset management, adaptation deficit, and future needs can ensure the continuity of service levels in emerging cities when supported through expert inputs and stakeholder consultations.
